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Novel inducible antibacterial peptides from a hemlpteran insect, the 
sap-sucking bug Pyrrhocoris apterus 
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Insects belonging to the recent orders of the endopterygotc clade 
(Upidoptora, Diptera, Hymenoptera and Colcoptera) respond 
to bacterial challenge by the rapid and transient synthesis of a 
battery of potent antibacterial peptide? which arc swetcd into 
their hacmolymph. Here we present the first report op inducible 
antibacterial molecules in the sap-sucking bug Pyrrhocom 
aplenty a representative species of the Hcmipicra, which predated 
the Endoptcrygotes by at least 50 million years in evolution. We 
have isolated and characterized from immune blood of this 
species tbret novel peptides or polypeptides: (i) a 43-residuc 
cytteine-rich antKGram-positive bacteria) peptide which is a 



new member of the family of insect defewins; («] » ». a ^5 cd *)ff 
prohne-ricb peptide carrying an ^-^ylated subsU^on 
acetylgalactosamine), active against Oram-negaUvcbactepa, («U 
a 133-tesidue glycinc-rich polypeptide also active against Oram^ 
negative bacteria. The protme-ricb peptide shows high sequence 
similarities With drosocin, an 0-glycosylated antibacterial peptide 
from Drmphlla, and also with the N -Unmwd domain of 
diptericin, an inducible 9 kDa antibacterial peptide from mem- 
bers of the order Diptera, whereas the glydnc^rich peptide has 
tfmilaritics with the glycine-rich domain of diptencm. Wc discuss 
the evolutionary aspects of these findings. 



IKTRODUCTWN 

Aceriesof pioneering studies had established by 3930 that insects 
can be protected against the injection of normally lethal doses of 
bacteria by the inoculation of a low dose of bacteria (reviewed in 
{11). The induction of this protection, generally referred to as 
immunisation, is a complex and as yet incompletely understood 
process involving both cellular and humoral components, in 
higher insect i.e. essentially in the endopterygotc clade. the 
induced protection is probably to a large client explained by the 
rapid synthesis of a battery of potent antibacterial peptides 
(reviewed in [2] and [3]). This huge cladc of insects, which 
contains more species than the rest of the living world together, 
is characterised by a far-reaching metamorphosis. The over- 
whelming species richness in the Endopterygota results from the 
diversification found tn four of its constituent orders: the 
Colcoptcra. the Hyrocnoptera, the Diplera and the Leptdoptera. 
Representative species belonging to these four orders have been 
investigated for the presence of antibacterial peptides, and several 
families of active inducible molecules have been fully or partially 
characterized to date (reviewed in 13]). For rwo of these families, 
our information is relatively detailed. These arc: (f) the cecropins 
(reviewed in P,4]), which form two a-heliees and arc active 
against both Oram -negative and Gram-positive bacteria; (") the 
insect defensins, which have six cysteine residues engaged in 
three intramolecular disulphide bridges (15,6]; reviewed in [7)). 
These peptides, which are primarily active against Oram-positive 
cells, consist of three distinct domains: an N-terminal flexible 
loop, a central amphipathic a-hcli* and a CMcrminal £-»Ucct ; the 
a-helix is linked to the ^-sheei via two disulphide bridges [8,9]. 
The other inducible antibacterial peptides or insects have only 
been characterized at the level of their amino acid sequences 



(ond/or the nucleotide sequences of the corresponding genes). 
For convenience, and pending more detailed studies, these 
peptides can be grouped as follows: (//7> glycme-nch peptides 
namely attacin, (Lcpidoptera) [10] and the *f Wd nrwWHM U 
(Diptera) 111], coteoptericin (Coleoptera) |12]. diptencm (Dip- 
tera) [J 3] and hymenoptaecin (Hymenoptera) 114]; (£) proUnc- 
rieh peptides, namely apidawins (Hymenoptera) U^**£ n 
(Hymenoptera) [16] and drosocin (Diptera) 117). The lat ter 
vnelecuks are predominantly active against ^negat.ve^llv 
A remtirkable feature of drosocin and diptencm is the P'«* n <~ 
of a-Klycosylatcd substitutions which are necessary For tnc 
biological activity or these peptides (117]; F. BuK uupubhshec 
work) 

The methodologies used to isolate ioducibk antibactcrw 
peptides from higher insects have failed so far to demonstrate s ih, 
jmxncc or similar molecules in e*op«rygote insects, such a 
members or the Orthoptcra and DictyopKra flower Ncoptara 
which have appeared JOOmUlionywrs before the Budoptcrygote 
1181. Although such insect, reportedly build up a 
again* lethal dose, ofbactcria when in.Ually 
dose,, they presumably rely on a different ptoteenve mechanic 
possibly on enhancement of phagocytosis. 

Wc arc interested in the phylogeoeuc aspects oT he i nnmun 
response in insects and have addressed m this study the Herr 
inters, a major insect *r°«P which, although more recent i 
evolution than the Orthoptcra and Pictyoptera, belongs i c- r 
exopterygote clade and has not adopted roetamorpbosis. Ren>- 
studies with two hemipteran species, the sap-sucking bug Qrif- 
kAwMiiu 119J and the blood-sucking bug Rhodnwj prolix 
120], had shown that a bacterial challenge induces the appcarnnc 
of antibacterial activity in the haemolymph or these insects. 
We now report the isolation from the bug Pyrrhocorh aptcn 



At«on. us*: »Ue. m.nimo.n .nhlbi.sr, conation; e...u., eolonytormin, unit; TFA. Ul.luorooceUc acid; h.p.fl.p.c.. lu^ormancc S 

permeation chromatography. 
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of three inducible antibacterial peptides. One of thw peptides 15 
a 43-residue new member of the widespread family of mscct 
defemm* which arc active agaim! Grom-posiuvc bacteria (re- 
viewed in PD. A second peptide is a proline-nch molecule or ZQ 
amino adds which carries an Glycosylated substitution ami is 
related to drosocio, a peptide which has recently been isolated 
from the fruitfly, Drosophita 117). This new tfycopeptrfe, winch 
wc proper to name ^¥^000™^ (from Pyrrhocoris apterus) 
is active agninst Gram-negative bacteria. Finally, we have isolated 
and sequenced a m-rcsiduc polypeptide which is acuve against 
Gram-negative bacteria and has some sequence similarity to 
diptcricin. an antibacterial peptide of dipteron iosecb (13]. It is 
rich in glycine residues (15%) and wc propose the name of 
hemiptericin (from Wemiptcra) for this novel polypeptide. 



MATERIALS AND METHODS 

tnstcts, Immunization and himorymph collection 

Adults (1000 individuals) of Pyrrhocom apwwi (Hcmiptera) 
were collected in the field and received a 2 /d injection containing 
2500 cells of Micrococcus lutetu (Grom-rwHivc strain) and 2500 
cells of Escherichia coll 1106 (Gram-negative strain). After 
various time intervals, the haernolymph (about 2 p\ per animal) 
was recovered by sectioning an antenna and gently squeewng ihc 
body. The haernolymph ww pooled in a precoolcd polypropylene 
lube in the presence of the proteinase inhibitor oprotirun (Sigma 
A-6279; final concn. 10 /*g/ml of haernolymph), and of phenyl- 
thiourea (final concn. 1 ^g/mt of haernolymph) to prevent 
melanization. The haernolymph was centrifuged at 13000$ for 
1 h at 4 °C and directly used Tor the purification of antibacterial 
peptides. 



Eaciirial strain* aftf medium 

The bacterial strains were gifts from the following colleagues: £. 
colt D31 (streptomycin-resistant), Serratia marcemm Db\\ and 
Enierobacttr cloacae 012 from H. G. Boman (Department or 
Microbiology, University of Stockholm, Stockholm, Sweden); 
£. colt D22 (an Env Al mutant with a defection in the outer 
membrane) frgrri P. L. Boquet (Centre d'Etudcs Nuclcaires, 
Saelay, France); Bacillus megaterium and B. subitlts QB935 from 
J. Millet and A. Klicr (Pasteur Institute, Paris, France); iV«<fe- 
mono* aeruginosa A.T.CC. 82118. AlcaUg**** faecalh, Sal- 
monella typhlmurtum* Staphylococcus aureus, Staph, sapro- 
phytics, Acrococcus virions (*= GaJJkyahotrmrK). Ustenamono- 
cytogem, Klebsiella pneumoniae and Pedlococw acidilacttci 
Trom H, Monteil (Institute of Bacteriology, University of Stras- 
bourg, Strasbourg, France); Micrococcus tuleus A270 and B. 
rhurtngiensfs were from the Pasteur Institute Collection, Paris, 
France; 5. coll U06 was from T. Achstetier (Jransgeae^ Stras- 
bourg, France); Erwmia carotovora carotavora (CFBP n fl 2141) 
and Xanihomonas campestrls pv, orizac (CFBP n" 2532) were 
from JNRA (Angers, France). 

All strains were grown on Luria-Bertani's rich nutrient me- 
dium [Bactotrypton (t%)/ycast eMract (0.5%)/NaO (1%; 
w/v)}. 



ChimlcaH 

Acctonitrile, h.p.l.c. grade, was obtained from Farmitslis Carlo 



Erade. was obtained ftoro Pierce (Roctford, IL, USA). Deion- 
fz?d ;«t« wa, produced via a tandem or MilhRO and MuMX. 
systems (Millipore). 

Antlbteterlal amy* and drtermlniUw ol the minimal WHtoct 
eoncentrtlton (rale.) 

Antibacterial activity was monitored during the different purifi- 
wUon steps by * pUte-growth-inhibition assay w described « 

16 The method used for the determination of the m.t.c. b« bee. 
described in 1141- BricBy, two-fold serial dilutions of Pyrrhocon. 
defensin and pyrrhocoricin were prepared in <J«oni«d wa er am 
1 0 ji aliquot, were placed in microliue plate.. Control ar,t,bioti 
peptides MS1-94 (a broad-spectrum linear antipathic mag 
kirdn) and PGLa (a naturally occurrine antibioirc pcpt.de fron 
fr o g )«crc generous ^enbyN ^^0*^*?% 
ceuticak, Plymouth Mcct.ng, Philadelphia PA, U.S A.) Th 
tnixturc was completed by addition of I00fl of a bac cru 
auspcnsion (^,-0.001) in Luria.BcrtHru s r.ch nutner 
medium. Final inceptions ranged from 0.01 to fc 
Fyrrhocon, defensin, and from 1 to 10 ,M for pynhoconct. 
• The microtitre plates were shaken at 25 "C for 24 1>. The m.i 
values of the antibacierial peptides were enprewed accord.ng t 
Casteels et al. (14], as an interval, a-b, a be.ng the h.ghe 
voncentration t«tcd at which bacteria arc growing and b i\ 
lowest concentration that inhibit, the growth of the cell.. 



Bactericidal assay 

The methodology used has already been described in pi] : purifi 
*nti-<Oram-po.itive bacteria) peptide (10/d) was incubated 
microtitre plates in the presence oW/d 1 ofan cxponennal-plu 
culture or M. Mm (starting 0.15) in Luna-Bertar. 
rich ouirieut medium. Aliquob were removed m\ ; d.ffcrent iv 
intervals aud plated on nutrient agar; the number or color 
forming uni« (c.f.u.) was determined after Rn overnight 
cubation at 37 "C. . 

The bactericidal activity of the purified small-sized eut^Ora 
negative bacteria) peptide was determined according to • 
methodology used for dro.ocln {17J. Briefly, the punfted pept 
(10 it]) was incubated in microtitre plates in the presence om 
or an exponential-phase culture or E. coli V21 : (start 
A - 0 002) in phosphate-buffered Mime (130 mM).The e. • 
DM strain, which has a permeable outer membrane, make 
more sensitive to the antibacterial peptides and therefore sum 
When small amounts of antibacterial pcpud« ore available. 
. activity was detected as described above. 



Puimcafoffl ol tt» wUbatfertal p^pMw 

Step 1: Sep-Pak pre-puilfication 
The cell-free haernolymph was acidified (°- 05 % 
concn.) and loaded on to a Sep-PaK C , CW« 
Associates). After wa.hing with 5 ml of acidified water (0.0 
TFA) stepwise dution was perfonried with increasing pro 
lions of acctonitrile (20. 50 and 80%) in acidified water, 
fractions were concentrated in a vacuum centrifuge (Savan 
remove the organic solvent and TFA and were reconstituted 
MilliQ water before monitoring the antibacterial activity t» 
plate-growth-inhibition assay on M. lutw (Gram-pos 
3 i»inV E. coli D22 and /?. coli D31 (Gmm-negauve .tram 
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Step II: $U*«xcluilon chromatography 

The first step or purification was a size fractionation by a big*- 
ncrformancc gd-permcation chrornato^phy system » (»f 
SS?ns of serially linked Beckman SEC 3000 and SEC 2000 
oS'3Wmrn«7.5rnm; Bcckmun) A. the bulk of arm- 
bacterial Activity was found during the sohd-phnae earache- 
to the Wc w cartridge to be present iu the 50% dution 
fraction (sec above), only this fraction ^.•PPW%? 
columns and cluted under isocratic condn.ow with 30 /„ 
aectorutcilc in acidified water at a flow rate of 0.5 inl/mra Tbc 
column effluent was detected by it. u.v. absorption at 225 nm, 
and the presence of antibacterial activity was monitored a* 
described above. 



Step 111; Una! purification 

Different condition* were iwed for the final purification or the 
active compounds. For the large^cd antibacterial peptide, the 
active faction was applied on an Aquaporc OD300 C 4 , column 
i 220 mm x 4.6 mm ; Brownlee Associates) developed with a linear 
gradient Q j 2-52 % acctonitrile in acidified water over 90 row « 
a flow rate of 1 rnl/rnin. The column effluent was monitored t>y 
„v. absorption at 225 nm, and the antibacterial activity was 
detected as described above, This peptide was further purified by 
an additional step; the same column was used with a lmear 
gradient of.5-35% acctonitrile in acidified water over 90 mm at 
a flow rate of 2 ml/mm. Concerning the small-sized * nlib ^"£ 
peptide*, the active fraction was applied to an Aquapore 
C„ column (220 nun* 4.6 row, Brownlee Associates). The elu* 
.ion was performed with a linear gradient or 2-52 % acctoottflle 
iu acidified water over 90 mtn ct a flow rate of ) ml/inln. The 
presence of antibacterial activity in the different fraction* was 
detected as described above. 

All h.p.lc purifications were performed usm& a Bccfcmao 
Gold h.p.1.c. system equipped with a Bcckman 165 photodiode- 
anay detector. 



Enzyrmc and chBtnicil cleavages 

The large-sized antibacterial polypeptide was subjected to di- 
Ewtion with arginyl cudopeptidose (Sequencing grade; Takara, 
Kyoto, Japan), which spcc'ifically cleaves the pcpUde bond ou the 
carbo*y side of argininc residue* (and also of lysine rejiduw 
underour conditions), and endoprotcinasc Glu-C (sequencing 
grade; Takara), which cleaves the peptide bond on the carbo*y 
side of gJutnmic acid residues. Digestions were earned out on 
separate aliquots of 2 nmol of the polypeptide under standard 
conditions. After a 15 h incubation a) 37 °C k the reactions were 
stopped by adding 20 ?\ or acidified water. The peptidic fragments 
were separated on an Aquaporc RP300 C a column (220 mm x 
4.6 mm; Brownlee Associates) developed with a linear gradient 
of2-«0% acctonitrile in acidified water over 120 mm at a now 
rate of 0.8 ml/mm. 

For the chemical cleavage, 5 nmol of the polypeptide wctc 
treated with 1000-fold excess of CNBv (Fluka, Buchs, Switzer- 
land) during 20 h at room temperature. The different fragments 
were separated by chromatography a* described above, except 
for the flow rate, which was I ml/min. 



peptide was dissolved in 40 jd of 0.5 M Tra/HO/2 mM \ED > JA, 
pH 7 5, containing 6 M guinidimum chloride, to which 2,1 of 
22 M dithiOthreUQt were added. The sample was ta^jj 
niuogen and incubated at 45 'C for 1 b. Fi«M» * il f*t 
viS?yridinc (2 #4) was added and incubated for 10 mm at 45 C 
TT^ ^ V^f^^ W*' ldc was separated by 
icyersed'phase h.p.l-c. prior to tmcrosequencing, 

WJeros«[uwca wily* 

Automated Edman degradation of the P**%»*^^ 
the phcnylthiohydantoin derivatives wctc r^rforrned on a puise 
Uquid I auioraatic lequenator (AppUed Biosystems; model 473 A). 

M * « i ^ 

The peptides were dissolved in water/methanol J50:50, v/Y 
"nt£h« 1 % ^ctic acid and analysed 00 a VG &oTech BioC 
mass spectrometer, 

Wentmeatten «1 Ihe cwbolivdrah) MtwUhrtton 

The analysis of the carbohydrate wa» 1 ««* •'jg 

gNcopeptide under the condition* <kscnbed Piously \\1 
fttefeibe glycopcptide wasmcubated at 80'C 
HCl in O nhydro« methanol and derivattted won W-melhyl-A 
triaicibyWyUrifluoroacetamidc in anhydrow pyridine and tr 

MD800 g.c.-m.s. spectrometer equipped with a JW DB> Jus* 
Sic, ca^lary column (30m long; 0.32 n,m inner diamete 
0.1 ^ film thtckne«). The on-column "J""™* 
preferred to the Ros one in order to improve the scrwlmty 
Lea* or very volatile compound*. The 
50 'C. and the temperature was programmed from W to zw 
at 3 rate or 3 'C/min. Helium was wed as earner go* (l .1 rr. 
mi'), and 2-50 n'g or material (including ihc ^f".^ 
were injected. The urns spectrometer was operated in lectrc 
taopMi mode. M.». CondltioM were a» follow: electron enerj 
70eV; trap current, IW/.A: ma» r^nge scanned from m/. 
Zm z 650; sam ^peed. » , The identification or the compom 
waj perfornKd by. comparing it. ictenuon t.mc and^ is fr. 
mcntogroro with llmt of standard augarv treated aceordmg 
the stime procedure. 



RE8UUS 

Isolation tin) WMlrtleallw ol artlttKterUl piptWaj 
Haemolymph from untreated ,pecimen S of 
jcvoid of antibacterial activity. However, the '»J««« ^ « 
dc« of bacteria Induces, within 12-24 h, the appe»rance c 
t .r„g activity directed against both ^^foTse^ra? 
negative bacteria. Th» activity is maintained for several 
(results not shown). . , ... f „. 

To isolate and charocierlrc the molecules rciponnWi • rw 
activity, we have challenged 1000 adult insects by inject on 
low dose or bacteria and collected their bHeroolymph on ice t 
24 h. A total volume of2.2mlorhaemolymphwa8ob amed e 
after removalortheblood cells by centr.rugation.thesuperr.e 
was directly applied to a Sep-JPak C„ cartridge for sohd-p 
fraction. The antibacterial activity was recovered by ek 
With 50% acctonitrile in acidified water. The act.ve fract 
were pooled and applied to 

developed under isocratic conditions w.th 30% Bcetooitr. 
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Rgun 1 H.p.o p-c. ol Immuni twemolirmph ot P. apterw 

M cxpeikitCTW (Mails were is described in N Male/Ills end rceltoxJi *dioa Briefly, sdtve. 
m»tcml flora tfm Immvf* Mendymph d 1000 tfetts ol /». j#<rw w« pr*pvrilied by solid- 
ptose ejtfudloa «nd tfw 50% xtumMfc &i«io» wss analysed cn two swl ww-oxcluston- 
enromtograptv cofuswt. Amltacttrtil activity w« eetectrt ki mo fttci»n* tpWe-ojOYrth- 
tonitMon »swy). rVl l was actfvr tgsinsi Cum-ro&ahre beefcth (slrtt* column). wtiern j 
pert 2 ttWWW Mh snti Gram-posMyt co'umn) ond -iKplto adhritms (slisded 
eglumn). The sntrt»:l«t*1 aciltty Is expressed in ««niler (nm) of Die giowW jnnittlton rones. 
p f is u* void volume ot tht column, snd K ( is its towl vdunve. 



hUubition **«y agftiosi A/. fa/«r«f «nd A colt (Figure 1). Anu-( i 
coif) activity was detected in absorption peak 1 ^^pondmg : 
compound* with molecular masses «ngiog from 10 
and antibacterial activity directed ajainst both £. co/i and ^ 
/ujnu was observed in absorption pea* 2, which iconUined tr 
molecules with molecular mawes lower than 10 kDa. Wc did c. 
detect antibacterial activities in the other fractions. 

The molecules present in peak l were subseque fitly subject 
to C u revefsed-pbase h.p.l.c, eluted with a 2-52% gradient 
aeetonitrilc in acidified water during 90min at a How rats 
1 ml/rain and ic-chromatographed on the same column with 
lew steep gradient (IM5% of acctonitrile in acidified watt 
(over 90min with an increased flow rate of 2 ml/min). Ar. 
bacterial activity was monitored on aliquot* of the fractions 
above. A single anti-(Gran>neEativc bacteria) compound, a 
pearins pure on the h.p.l.c. chromatogram (results not abow 
was recovered and submitted to chemical characterization. 

Assuming that the molecule is a polypeptide, we subjected it 
Edinan degradation (starting material: 240 pjnol) end obtaar 
a first sequence of 56 N-ierminal residues with an initial yield 
52% and a repetitive yield of 94.5%* We next performed, 
separate aliquota of native peptide, enrymic cleavages * 
arginyl endopeptidasc and endoproteinasc Glu-C. as well a. 
chemical treatment with CNBr. The fragments obtained v. 
purified by H.p.l.c. and subjected to Hdroan degradation. 7 
combined sequences (Figure 2a) lead to the conclusion that 
peptide is a 1 33~re*iduc glycine-rich (t 5 %) polypeptide (see c 
Figure 4 below). The mass calculated from the omino a 
sequence (14744,9 Da) is in excellent agreement with the rr 
ecular mass measured by n>.s. (14743,8*3.5 Da). 



Hcmipttrtcln 
DVELKCKGCEWECFVGLKAQRHLY, 



r- 



-A*e- 



KVTCSCFAQREVATCMRPHDSrGN/ CVEATHNIYKCKNGEVDVTGC^ROWNTPDRHQAROGIHWRF 



-Attc- 



ATCDILSFQSQWVTPNHACCALHCVXKGYKGGQCKITVCHCRR 



to 

pyrrhocorlcln 

VDKCSYLFPPTFPRPiyNRN 

rV^frylBalwtQ«mlnf 

Flaun 2 Primary atwrturn al «• tnrta anHaacuiW Ptpt dea laoiitod If om fill lmnwm Haenxilymph o! p. aplcrus 



DDRTSLSeTVKGQSQWKPPYPApHAGWARLO CTRTLIEWPRT 

— — * — r c^^z: 



ArxC- 

-CNOr 



Vj Af»<- 



Tn. wsWues rffcn «i In W tlto^ us to classy ^ monies mio Mi tespictivf taiDm H Hrmi^ifein >^ • tfydnt^h pt^i- im - M ^wmnrt 
EdZSZoI the pepddt „e ^ei^d . im com^sf amir d «cM se^,^ ^s ctulned eta rn^ m» Wlrwrts: ^'^Kfe^' 

ortonsln (•) PyrrtwwiWn » i pnflw^ch pcpWf. Pynapconcin H tfyeasftorf thnoifiM-il won u #-«rty*tt«os»mine ro^w- 
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W h p?T« oncriM to to MttrtS.1 «d named* section. MpnU A 
u rt*rf wnwewU ectmtv. Peak A w» «*t iQ*nt GrtJMegtfve M>a mtftf 

The molecules that were elutcd in absorption P«k 2 on Figure 
1 (corresponding to low-molecular-muss compounds) were sub- 
jected to C„ revcrsedphase h.p.l.C. with a gradient oT2 to 32 .„ 
or »«tonitrile in nidified water during 90 min at a flow rate or 
I nU/min. Two pcaVs of absorption share no antibacterial 
Activity (Figure 3): peak A was active against E. call, and pea* 
8, which was more hydrophobic, was active against M. Meu*. 



The active compound, present in ™ P« ta " ppWCd 
sufficiently pure for chemical k B 

Wchavefirsl Emitted f „oe of 

,o Edman dnrad.flon .nd obumed ^ f ™;^ r . Phe . 
the 15 M-terminnl residues: Ala-Tbr-Xaj-Asp-lic «u J** 

not be assigned, it «s immediately apparent tMi ww «h 
had a r!gh Wily W that of variou, 

t «id«« engaged in three p'™*^ fS" 5SI character- 
wsuming thai the newly-»0»ated **g^^5©» wa 
i«ics. 1 wnol of this molacwla.^.W^^g^j^ 
alkyhlion to allow correct Men^uon^to^gJ^^ 
From lOOpmol of the modified pepttde, 
Sd, was gently obtained by Edmao 

dnuaOf ^nc*m 121])- This maw is in excellent egrwment with 
diagonuy iiMcn«n i* j/ 0 . D detenruned by m.»- 

"ZS SSS^ compound (pea* A 

2l£mino acids (initial yield or 53%; repetitive 

Re idTe 20 gave a signal which strongly ^ 

corresponds to the C-terroiual ammo acid, v^*^***^ 

io be ottrtieularly rich in proline residues (25%) (Figures, »^ 
SXvSl « The identification of residue ) I *» amb.guous, 



Pyrrtiocorir cfcfonsln 
Phormlm d«fonsln 
Zophobtu <t»t»niin 



aTCDlLSrO-;OWVTPNHAGC»LHCVXKGYKCCQCKIT-VCHCRK 
iJc"S----OTG SHSACiaUiCLLRCNRWrCNGKGVCVCRN 
ScDSGFr.IAGTKLNSAACGAHCtALORKCCVCNSKSVCVCR 



Fyuhocoricln 

Drovoein 

Apidaecln 

Pr Qiin»-itch domain of dipuricln 



VDK- -OS YLPRP2-P« ,M>I * NKN 
GXP BP -YSPRPISHFRP I ' 
GNNRPVYIPQ PW?PHP*I 

DEKPK I»Il>PX — PAPPNLPQ • 



Olptfjrlcin 

JAQH WMARLDGTRTLI ENORTKVTGSGFAQREVATGMRPHDSrC 
]£p P NLPQLVCGGGG-MK DGFG 

VSVP*-HQKVWl-SDNCRHSlGVTPGY5QH-l.GGPYGNSRPDTRlCACYSYNr 
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and none or the signal* obtained in Edman degradation corre- 
sponded to a conventional phcnylthiohydautoin amino acid 
derivative. Interestingly, Hick signals were found to be identical 
with those observed in our recent identification and character- 
Ization of drosocin, » I9-rcsidue prolinc-rich inducible anti- 
bacterial peptide isolated from Drosophik, which has the striking 
particularity of carrying an ^-glycosylated substitution on a 
threonine residue in position 11 [17). In drosocin, threonine*! I is 
located within a nseudo-conscnsu* site for O-glycosyletion 
123-27}. which n also the case f r the residue 11 in this newly 
isolated peptide, We have consequently assumed, as a working 
hypothesis, that residue II corresponds to a threonine carrying 
an O-glycosylated substitution. The determination of the mol- 
ecular mass by m.s. gave a value of 2543.3 ±0.1 Da, which 
corresponds to the mass calculated for a peptide in which 
threonine in position 1 1 is substituted by an /V-acctylhcxowmine 
residue (2340.3 Da + 203 Da « 2543.3 Da). To confirm the pres- 
ence of a sugar icsidue in the native peptide, we next submitted 
1 nmol of purified peptide to mcthanolysis, which cleaves the 
wbohydrotes from the peptide backbone. The resulting mixture 
was wtrimethyisHylMcd and analysed by g.c-m.s. One carbo- 



( a) spectrum were found to be identical with those of jv\ 

~* acetylgalactosamine (Figure 5). 

Prom the data obtained ubovo wc conclude that the proltnc- 
rich 20-rcsidue peptide active against & coli carries an jy\ 
acetylgalactosamine on a threonine residue in position 1 1 (Figure 
2c* see also Figure 4). 

We have recently isolated from o new extract of immune 
hacmolymph off, optcrus a minor form of this peptide carrying, 
in addition, a galactose on the //-acetylgalactosamine, as is the 
casein drosocin J 17). 

glPdlei o» aclMty «P>ctri » n * rood* & 8Ct,Qn 

Pyrrhocorb defensin 

The purified Pyrrkocerii defensin was toted by the liquid- 
growth-inhibition assay against various bacterial strains (Table 
J). The peptide has a marked activity (m.i.c. < 2.5 //M) against 
M. luteus, B. megaterlum, A, vmdm* Staph, aureus, and Stapn 
wrophyttcus, a moderate activity against P- aciditactlct and £ 
subtifo QB935 and has no activity againet £. monocytogenes anc 
B. thuringtenst*. Except for the D22 form of E. coli (shortencc 
^polysaccharide), none of the Gram-negative strains testec 
weic affected. Interestingly, it appears that this insect derensm i 
active against the Gram-positive strains tested in the same rang 
as magaiums (MSI-94 and PGU). These results on ibc activit; 
spectrum of Pyrrhocom defensin are similar to data obtained 
with defensin A from P. tcrranova* ([6J ; see also [21) for the sarn 
conditions of bioassay). 
'"Jjo To determine the mode of action of Pyrrhocoris defctam, llr 
molecule was tested in the liquid-growth-inhibition assay at 
concentration of 1 pM against M - /mew CTable 2). Less tha 
1 min contact with the peptide was found to be sufficient to k: 
almost ail bacteria. This result, indicating that the peptide 
bactericidal, is comparable with that observed for the ant 
bacterial activity of insect defenuin A from P. tcrranovae 16]. 

Pyrrhocoiicin 

The antibacterial spectrum of tbe purified proline-ricb t 
glycosylated peptide from P. apterus was also determined usu 
the Uquid-growth-irobibiUon away (Jablc 1). Pynhoconon i 
hibitcd bacterial growth of the highly sensitive E. coil strain V 
at a concentration below 1 pM r *Wch is significantly lower Or 
the m.i.c. values or magaiains. The Gram-negative strains E. * 
1106, P,. aerugtnosa and Ent. cloacae fi}2 were round to 
sensitive to the proline-rich peptide of P. apterus at an nu.c. 
5-10 ^M. No activity could be detected against the other 
negative strains tested. Interestingly, this highly sensiuye t 
allowed us to observe antibacterial activity against woGra- 
positive strains: M, luieus and B* mcgaicrium (m.i.c, 5-10/ 
and 1-2.5 /iM respectively), in contrast with the lew sensit 
plate-growth-inhibition assay lhat we used during the i«oiat. 
of this peptide (see above). 

Finally, as shown in Tabic 3, purified prohne-nch peptioe n 
found to be bactericidal on £. coli D22 after a 24 h iocubat: 
with the peptide. The kinetics illustrated in Table 3 are smula: 
those observed with drosocin in Prosaphila Note th&ur. 
kinetics contrast with those of Pyrrhocoris dcfcnsm, wmcr 
bnctericidM in less than I min of contact with the bactena ( 
below). . 

We were unable to perform similar cxpcnmenis witn mc a 
(prom-negative bacteria) 133-residue polypeptide isolated m 
study, as it was necessary to use all the purified material i» 
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DIWUSSWN 

Our remits provide the fim insight into the strueturej of 
molecules responsible for the induced antibacterial activity or a 
hemiptcran insect. Three distinct molecules ore induced: B novel 
member of the insect derensin family, h novel prolinc-nch Q- 
Elycojylntcd pcpUdc stxuctutaUy similar lo the recently choree 
terized drosocin or membera of the Diplern (17J. and 8 novel 
!'lycir»e-rich polypeptide which shows some sequence »im>lnniies 
ivith diptericin iwlated from dipterans 113J. Inwrestmgly, no 
cecropirw were found it the hacroolymph orstimulated P. apietui. 
ru. -r*rr rSn-' rfrrired in bacterlo-cliallcuged F. 



(i) Pynhocoris iehMhi 

l 03 e« defensins appear a, a widespread family of i^JJ «£ 
Gram-positive bacteria) peptides. They are present ,« ; «nembc 
oT he Diptec Hymenoptcra. Coleoptem ^W'"*^ 
absent from member, of the W^l^l™™** ^ 
Pvrrhocorit defensin is closest to defensm A or rforn 
S^wWehhasb^chantcter^ 
dimensional «rueturc. The Pyrrlw*™ and 
have the aamc relative poaitions of their ** W 1 "™. 1 *™) 
(altavii for a four-residue gap), and 60% of the indues « 
den3 taking into account conservative r^*"*?*} 
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dirrtensional atructure as that of Phormia, we observed that the 
major difference between the two peptides resides within the 
putative N-tenninal loop which is longer by four residues m 
Pyrrhocorh. Interestingly, the only other inuect order in which 
defensin* have an extended putative NUcrminal loop is the 
Coleoptera (Figure 4) t which are the most ancient order within 
the endopterygote clade. Those two insect defensins have in 
common 51 % or their residues (including conservative replace- 
ments). 



(li) Tbt proHw-ricb frityensyiateq peptide pyrrtiowrfcln 
Thin short novel peptide is interesting in many respect*. It is, first 
of till, extremely .hydrophilic: in addition to ihc polar sugar 
moiety, 50% of the amino acid residues are charged and/or 
polar, and only three out of 20 residues arc hydrophobic. Of the 
charged residues, four are basic and one acidic, which explains 
the mongly cationic character of the peptide {pi 10.3). Pyrrho- 
coricin shows sequence similarities with drosocin (55 %) (Figure 
4). They have also in common their short size (20 and 19 residue* 
respectively), the relative richness in proline residue* (25 and 
33% respectively), their cationic character (pi 10.3 and 12.1 
respectively) and the presence at the same position (residue 
threonine-! J) of an 0-glycosylnted substitution (//-acetyl- 
galactosamine for pyrrhocoricin and a disaccharidc, N- 
acetylgalactosamine-galactose, for drosocin). The presence of 
minor amounts of a more complex pyrrhocoricin (carrying an N- 
ncetylgaUctosamine-galactose substitution) underscores the pos- 
sibility that these substitutions arc more complex and have 
partially been trimmed down during our isolation procedure, 
which relied on acidic conditions. Pyrrhocoricin shows :\l*o some 
sequence similarities with 18-residue cationic proline-rich anti- 
bacterial peptides isolated from honey bees, the apidaecins (15J 
(Figure 4). A major difference, however, pertains to the absence 
or O-gJycosylated substitution in apidaecins, which lack thre- 
onine or serine residues. Another common characteristic of these 
proline-rich antibacterial peptides is the organization of most of 
their proline residues in proline-argininc-prolme triplets (two in 
pyrrhocoricin, three in drosocin and one in apidaecins)- 

Interestingly, pyrrbocoriciD has some sequence similarity with 
the N-terrninal prplinwich domain of diptericin, a 9kD& in- 
ducible antibacterial peptide from P, tcrranwoe 113]. This is 
illustrated in Figure 4. Unpublished data from this laboratory 
have recently shown that, in the N-tcrminal sequence of diptcri- 
cin, the threonine residue in position 10 also carries 80 Q- 
glycosylated substitution (P. Buiet, unpublished work). Like the 
other proline-rich short cationic peptides characterized so far, 
pynhocoricin b active against Gram-negative bacteria, but also 
oftecU viability of two out of a small number of tested G«m- 
poiitive bacterial strain* (T*We I). Its exact mode of action 
remains to be established; as is the case for drosocin, pyrrho- 
coricin is bactericidal, but its action is relatively slow (Table 3). 



(ft) Tht 193*retidu» flryclni-rtcti pojypaptida aemJplerfciri 

This novel polypeptide is remarkable for the exceptionally Urge 
number of charged residues: one amino acid out of three is 
charged, either positively (24 residues) or negatively (20 residues). 
As the balance between positively and negatively charged residues 
is nearly even, the overall charge at pH 7 is only + 3.6 (pi 9.4). In 
addition, the charges appear evenly distributed all along the 
polypeptide. Computer-assisted analysis has not allowed the 



sheet). The molecular-mass determination yielded a vale 
excellent agreement with the mass calculated on the basis c 
amino acid sequence, which rules out the existence ch 
substitution in the polypeptide we have isolated. 

Hcmiptericin shows xigmficant sequence imnilanty 
glycjne-rich central and C-terminal domain of diptencrs. 
ovcrail similarity is 29%, and better than 42% if comers 
replacements arc taken into account (Figure 4). Hemipt* 
shares with the recently isolated 93-residue hymcnoptaeos 
hymcnoptereos the relative richness in glycine residues ar. 
charged residues (one out of three); however, it does not : 
signiacant sequcuce similarity to thw polypeptide, nor with 
of the other glycine-rich inducible polypeptides from mcz:c< 
the Lepidoptcra (attacins) or Diptera (sarcotoxins II), alth 
the latter have some sequence similarity with the glycirr 
domain of diptericin (28). 

Even if we have only partial information on the *c 
spectrum and the mode of action of bemiptcriem, it is c!ea 
the broad-spectrum antibacterial activity in immune 
lymph of tlvc bu« P. aptenu may be the result of: (0 inO 
actions of antKGranvpositivc bacteria) molecules (insect = 
sin) and anti-(Cram -negative bacteria) peptide (pyrrhocc 
and polypeptide (hcmiptericin); (tf) differences in the k:cr 
their mode of actions (slow for pyrrhocoricin, and extreme 
for Pyrrhoccrh defensin); (wi) the functional relevance ofpc 
synergistic mechanisms between these different antics 
peptides in the haemolymph. Such a synergism has been 5 u£ 
io occur between atUcin, cecropin nnd lysorymc in b*< 
challenged silk-moths [29] and between hymcnoptaec^ 
daecins and lysozyroc in the honey be* [14J. 

As stated in the Introduction, our information on rcc 
antibacterial peptides iu insects is limited to the predc^ 
orders of the endopterygote clade (with the exception 
report on an insect defensin in the order Odonata (dragc 
(21)). These orders evolved after the greatest mass cxtinc 
all time, the one between the Permian aod Triassic peric^ 
million yean ago, which wiped out 65 % of alt insect gro^: 
in contrast, the Hcmiptera, to which P. Qpltw bclcr^ 
already prenent in the early Permian. From the phyle 
point of view, our data show that the facet of the insect x 
response which is represented by the secretion into the b 
induced antibacterial peptides, is relatively ancient 
class of insccta. They also show that three distinct cia 
molecules predominate (minor classes may have esca? 
detection methods): the insect defensins active ngatns: 
positive bacteria, short proline-rich peptides and fcargc i 
rich polypeptides, the latter being active essentially on 
negative cells. Insect defensins are present in all tha 
belonging to the endopterygote clade, with the rc=: 
exception or the Upidoptcra (reviewed in I7D- The prci 
peptides, whether glycosylated or not, had so far oc. 
detected in two endopterygote orders, the Hymenoptera 
and the Diptera [17]. They axe absent from Lcpidcpt 
orders belonging to the Endopterygota contain g^o 
polypeptides (reviewed in pi). An interesting result tfaif 
is the observation that the proline-rich ^-glycosylated *j 
pyrrhocoricin shows significant sequence similarities wit* 
terminal domain of diptericin from Diptera, and that a_ 
sequence similarity exists between the glycine-nch 13- 
hemiptcricin and the large glycinc-rich domain of tr 
diptcricin. This observation lends some credit to the by 
that, in higher Diptera, diptericin could have eyoWed - 
association of gene domains encoding proline-rich and 
ricb antibavterial peptides [2SJ, We were unable to jfc 

nrMPnn> of rrrrnrtin AiiMnvuet in P aDttrtiJ. SO far. t**C 
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anti.(Gfam-poaUivc bacteria) and sintKGTam-ncgAUve bacteria) 
peptides have only been isolated in Lcpidoptera (reviewed in 
[2]) »nd Diptcra [30J, and it rnoy be that these peptides have 
only appeared a!Ur the separation or ihe diptcran-lcpidopicran 
branch from the ertdoptcry&Oies in the early Triassic. 

We ftuft RJ*W PwJene Rot* tor liMndal wppofl L 01 MLH. «^ p »^|S 
SoAvwtr. Vh 8l» thank Mr. W. H*UQ8 wd ^Jw&^^SMlS 
^ tow erihusUstlc help In collecting swtfel hundred *dute o( P. iptms In the 
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